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摘要 
I 
 
摘要 
 
利用太阳能实现 CO2 的燃料化可减少 CO2 的排放，同时可得到易于储运的
高能量密度燃料，是 CO2 资源化利用的理想途径，也是实现能源可持续发展的
重要技术之一。 
目前直接利用太阳能实现 CO2 清洁燃料化方式之一为 CO2-H2O 的光催化还
原，但受限于 CO2 光催化还原的本质，光催化还原 CO2-H2O 转化效率低。CO2
热催化加氢甲烷化是一种较为成熟的储能技术，使用合适的催化剂在常压较低温
度下，可达到接近 100%的 CO2 转化率和 CH4 选择性。本文着眼于将热催化 CO2
加氢和光催化分解水在同一催化剂直接耦合，期望通过此方法为直接利用太阳能
实现 CO2 清洁燃料化提供新的思路。 
本文采用 Au-Ru/TiO2 双功能催化剂，发现 Au-Ru/TiO2 既具有良好的低温热
催化 CO2 加氢甲烷化的催化活性(温度低至 323 K)又具有光解水制氢的催化活
性。358 K 时，Au-Ru/TiO2 催化剂上的光-热耦合催化还原 CO2-H2O 为 CH4 可利
用的光生电子总数最高是光-热分解水制氢活性的 15 倍。 实验和表征结果表明，
Ru 或 Ru-Au 为热催化 CO2 加氢甲烷化的活性中心。在 Au-Ru/TiO2 双功能催化剂
上的热催化加氢和光催化分解水制氢的直接耦合过程中，光生电子优先还原水得
到高活性的 H 原子，进而在热催化活性中心上与 CO2 快速热催化加氢得到 CH4。
快速的热催化加氢反应大大地促进了光生电子与空穴的分离，减少其复合的概
率，从而表现出强的热催化加氢和光催化分解水制氢直接耦合的协同效应。 
Au-Ru/TiO2 双功能催化剂上光催化分解水和热催化 CO2 加氢直接耦合高效
制燃料过程的实现，不仅对于 CO2 的高效资源化利用具有重要的意义，同时利
用光催化分解水制氢与热催化加氢过程的直接耦合可推广应用至其它催化加氢
反应，如合成氨反应中，具有重要的科学意义。 
 
关键词：直接耦合；CO2 甲烷化；光分解水；热催化加氢；TiO2 
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Abstract 
Convertion of CO2 to fuels using solar energy not only reduces CO2 emissions, 
but also produces high-energy fuels, which is of great importance to address the issues 
of energy and environment. 
Photocatalytic reduction of CO2-H2O is one of the ways to utilize solar energy to 
achieve “green” conversion of CO2 into fuels. However, it is rather difficult to 
efficiently convert CO2 to fuels solely via photocatalysis due to the kinetic limitations 
and the thermodynamically stable CO2. It is well known that thermocatalytic 
hydrogenation of CO2 to methane is a mature process for energy storage, which 
readily occures under mild conditions. For example, the CO2 conversion and CH4 
selectivity can both reach ~100% over Ni or Ru based catalysts at atmospheric 
pressure and low reaction temperature. The work reported in this thesis aims to 
achieve highly efficient conversion CO2-H2O to fuel via direct coupling of 
photocatalytic water splitting for hydrogen production and thermocatalytic 
hydrogenation of CO2 over a bifunctional catalyst. It is expected that this approach 
will provide a new strategy for “green” conversion of CO2 to fuels. 
The results indicate that Au-Ru/TiO2 is an excellent catalyst for thermocatalytic 
conversion CO2 with H2 to alkaness even at a reaction temperature as low as 323 K. 
Meanwhile, Au-Ru/TiO2 is an excellent catalyst for H2 production from water 
splitting under illumination. The activity of direct coupling of thermo-photocatalysis 
for conversion of CO2-H2O to fuel over Au-Ru/TiO2 is 15 times higher than that of 
photocatalytic water splitting to H2 at 358 K. We find that Ru or Au-Ru are the active 
sites for hydrogenation of carbon dioxide to methane, Au or Au-Ru is the active sites 
for water splitting to H2. In the process of directly coupling of photocatalytic water 
splitting and thermocatalytic hydrogenation of CO2 to alkane, photo-generated 
electrons preferentially reduce water to produce highly active H atoms, which 
thermocatalytically hydrogenate CO2 to form alkanes. As a result, the separation of 
photogenerated electrons and holes is promoted. Direct coupling of thermocatalytic 
hydrogenation and photocatalytic water splitting shows a strong synergistic effect for 
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IV 
 
CO2-H2O conversion to methane. 
We present here a facile strategy for highly efficient conversion of CO2-H2O to 
fuels via direct coupling of photocatalytic water splitting and thermocatalytic 
hydrogenation of CO2 to alkanes over Au-Ru/TiO2. The process not only has an 
important impact on utilizing CO2 for efficiently producing fuels, but also can be 
further extended to other hydrogenation reactions, such as ammonia synthesis etc.  
 
Key words: direct coupling; hydrogenation of CO2; photocatalytic water splitting; 
thermocatalytic; TiO2 
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